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Abstract 
  This thesis is focus on thermal analysis of aircraft electronic devices and their 
cooling possibilities. The two analytic methods of thermal analysis are applied on two 
particular technical objects. The laboratory experiment of non-contact temperature mea-
surement method is applied on real unit. The results of simulation are compared with 
results of experiment.   
 
Key words: Thermal process of electronic, thermal analysis, thermal network, ANSYS, 
non-contact temperature measurement, cooling of electronic.   
 
Abstrakt 
Práce se zabývá tepelnou analýzou elektronických přístrojů letecké techniky a 
možnostmi jejího chlazení. Dva odlišné přístupy k řešení tepelné problematiky jsou 
popsány a použity pro tepelnou analýzu dvou reálných technických objektů. Výsledky 
analýzy jsou porovnány s výsledky provedeného experimentálního měření teploty bez-
kontaktní metodou.          
 
Klíčová slova: Tepelné procesy elektroniky, tepelná analýza, tepelná síť, ASYS, bez-
kontaktní měření teploty, chlazení elektroniky. 
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1. Introduction 
 
The thermal processes play important role in design of electrical devices. Relia-
bility, life-time and technical characteristic of electrical devices significantly depend on 
ambient temperature. These parameters of the most electrical devices are decreasing in 
higher temperature conditions. In some cases the devices can be destroyed after temper-
ature limits are overrunning. The technical characteristics especially for semiconductor 
devices are high variable with temperature. Size minimization, high performance re-
quirements, complexity and integration of electrical devices make the thermal processes 
much more important issue in the present time. The material selection, design and fur-
ther development of electrical devices are depended on thermal conditions. Heat dissi-
pation by natural or forced convection of air is insufficient for some technical applica-
tion. Therefore liquid cooling systems are implemented. This makes the thermal 
processes more complex and interdisciplinary. Quick development of high performance 
computers and new computational software enable to implement aerodynamics and hy-
drodynamics phenomena into the thermal analysis. Understanding of theoretical back-
ground of these additional sciences is necessary for correct computation and result eval-
uations. Unprofessional work with computational software is today’s problem. A lot of 
thermal analyses are made automatically by software using sophisticated computational 
algorithms and inexperienced users lose overview and judgement. Therefore the thermal 
analysis of electrical devices becomes independent branch and experts are specially 
trained.  
The thermal analysis presented in this diploma work is closely connected to 
practice. The submission of this thesis was set by UNIS a. s. company in the mechatron-
ical department. Thereby the thermal analyses of two real technical objects are made 
and results are verified by laboratory testing. These technical objects are aircraft elec-
tronic devices, which are characterized by wide range of operating conditions, strict 
safety rules and complicated certification. Especially equipments essential to safe air-
craft operation must be subjected to very hard and expensive tests in real operating con-
ditions. A simulation of these conditions by analytical methods can lead to saving of 
money and time during development and certification process. The required reliability 
of the aircraft electric devices is specified by aviation regulations in dependence on ef-
fect of these devices on flight safety.  
This thesis is concerned with the thermal analyses of aircraft electrical devices. 
Chapter 2 research into theoretical background of thermal analysis approaches, compu-
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tational possibilities and experimental measurement. Chapter 3 discusses specific tech-
nical objects definite by submission and their properties significant for thermal analysis. 
Chapter 4 describes physical phenomena of heat transfer and analytic solution based on 
thermal network theory. This theory uses simplified computational model created ac-
cording to electro-thermal theory which results in system of linear algebraic equations. 
Calculation of the system of linear algebraic equations is made by Matlab software. 
Steady state temperature field for the investigated devices is obtained by applying this 
method. Chapter 5 is concerned with using the numerical method for thermal analysis. 
Three-dimensional thermal model is solved by finite element method theory. The AN-
SYS 12 WorkBench software is used for this analysis. Creation of the detailed user’s 
manual is goal. Chapter 6 describes the principles of non-contact temperature measuring 
and experimental testing by thermal camera. The results and conclusions of thermal 
analyses are summarized in chapter 7.  
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2. The present trends of thermal and cooling process 
in electronic devices 
 
The design of electronic devices is highly limited by their thermal properties. 
The most of electrical phenomena like electric conductivity, resistance etc. are depend 
on temperature level. Consequently the operating properties and characteristics of all 
electrical systems especially functionality, lifetime and reliability are affected. An ex-
ample of correlation between reliability and temperature of integrated circuits is shown 
in the Figure 1.  
 
Figure 1. [3] Correlation between reliability and temperature of integrated 
circuits.  
According to [8] an electronic development was mostly focused on following ways in 
the past: 
 decreasing of own power dissipation of electric devices. The great progress in 
this process was made in last decades. The electron tubes were replaced by tran-
sistors. Development and application of integrated circuits, microprocessor 
technology and optoelectronics decrease the own power dissipation in places of 
value. 
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 increasing of operating temperature range. The silicium was substituted by ger-
manium in semiconductor technology. The temperature limits were increased 
from the range 60 - 70°C to the range 150 - 200 °C.    
The further development of these ways is very difficult and expensive. Therefore 
the sophisticated cooling systems are evolved and implemented in the present time. This 
makes the thermal analysis more complex and interdisciplinary. The main ways of cool-
ing systems are following: 
 natural convection is the cheapest and the most common way. The ribbed heat 
sinks are more carefully designed. Size of cooling surface, distance between rib-
cage, material properties and fixing methods are the main characteristic. The 
special thermal pastes and washers are used for ideal connection of cooled ob-
ject and heat sink. 
   
 forced convection uses computational aerodynamics methods. The hot air is 
moved by ventilator from electrical device to the ambient environment and cool 
air from ambient is sucked inside. 
 
 liquid cooling system is designed on the basis of hydrodynamic theories. The 
cooling liquid transfers heat from cooling object to the heat sink. The kind, ve-
locity and amount of liquid are the main factors affecting the cooling efficiency. 
 
 phase transition method. The thermal energy is absorbed by substance during the 
phase transition. 
  
 bubbling evaporation is special type of phase transition method. The liquid is 
evaporated from the surface of cooling object and condensed back in heat sink. 
  
 heat-pipe is advanced technology. It is based on phase transition method. The 
high reliability is reached, because there are no moving parts. The heat transfer 
is performed by capillary action. 
  
 liquefied gas cooling is using in very special cases. The object temperature can 
be kept on -196°C by liquid nitrogen. It is used for electric noise reducing in 
spectrometric measurement devices. 
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The quick development of computer’s performance and computational software 
allow complex thermal analysis and optimal design of cooling systems. In this context 
the word complex means interdisciplinary approach where thermal, aerodynamic and 
hydrodynamic methods are used. The solvers using in software are based on finite ele-
ment method theories. The new computational algorithms implemented into the soft-
ware make the analyses more accurate and decrease computational time. The common 
computational software enables creation of geometry, setting of material characteristics, 
and application of thermal load. Special software for thermal analyses of electronic de-
vices are developed. The electric component library and models of cooling devices are 
included. A lot of computational platforms are developed all over the world. The com-
putational possibilities most of commercial software are very similar. It is difficult to 
objectively compare their quality without deep practical experience. There is a short list 
of the most known: 
 [9] “C&R Technologies provides software for heat transfer analysis and fluid 
flow design, training, and consulting.” 
 
 [10] “FloTHERM is powerful 3D computational fluid dynamics (CFD) software 
that predicts airflow and heat transfer in and around electronic equipment, from 
components and boards up to complete systems. FloTHERM PCB is new colla-
boration tool for product marketing, electrical and mechanical engineers that 
accelerates the conceptual thermal design of printed-circuit boards.” 
 
 [11] “COMSOL Heat Transfer Module solves any problems involved combina-
tion of conduction, convection and radiation. It finds extensive use in systems 
that involve the generation and flow of heat in any form.” 
 
 [12] “STAR-CAD Series specifically created to enable design and professional 
engineers to undertake flow and thermal analyses.” 
 
 [13] “ANSYS 12, Icepak module provides robust and powerful computational 
fluid dynamics (CFD) software for electronics thermal management. Based on 
the state-of-the-art ANSYS FLUENT CFD solver. ANSYS Icepak software has a 
streamlined user interface that speaks the language of electronics design engi-
neers, enabling the rapid creation of models of complex electronic assemblies.”  
14 
 
The computational software [7] ANSYS 12.0 release was used for thermal ana-
lyses in this thesis. The long time experienced with multi-physic simulations, new 
Workbench interface, permanent development of the software and my personal previous 
experience are the reasons for this choice.    
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3. Task analysis and aims definition 
 
Two particular technical objects are analyzed in this thesis. The first is fuel 
pump control unit FPC. The analytic thermal network theory is used in this case. The 
second is the CPSJ control unit for TJ100 turbine engine, where numeric thermal analy-
sis is applied.  
The thermally significant parts of the fuel pump control unit FPC are six transis-
tors each of 2W of dissipation heat energy. These transistors are fixed to duralumin 
case. The cooling system is integrated to the duralumin case and heat transfer is ensured 
by kerosine flow through cooling canal. Input temperature of kerosine is 65°C. The am-
bient temperature is 85°C. The input parameters are summarized in following Table 1. 
PARAMETER VALUE 
dissipation heat energy 2W 
internal resistance of transistor 50K/W 
external resistance of transistor 0.5K/W 
resistance of transistor and duralumin connection 1.5K/W 
input temperature of kerosine 65°C 
ambient temperature 85°C 
diameter of canal 0.005m 
volumetric flow 2.5e-5m
3
/s 
length of cooling canal 0.313m 
width of case 0.087m 
length of case 0.062m 
thickness of case 0.005m 
Table 1. Input parameters of fuel pump control unit FPC. 
The aim of analytic thermal analysis is calculation of transistors temperatures 
and evaluation of results according to operating temperature limits. 
The CPSJ control unit is an electronic device intended for control of TJ100 tur-
bine engine. The numeric thermal analysis for this device is based on free-dimensional 
model. The model is suitably simplified for steady-state thermal analysis. The laborato-
ry measurement is made for comparison of analytical results on real unit and it is de-
scribed in chapter 6. The input parameters are summarized in Table 3. The aim of nu-
merical steady-state thermal analysis is creation of thermal diagram.   
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4. Thermal network analysis 
 
 This method described in [1] uses simplified computational model based on 
thermal network theory. Heat is distributed in real thermal process to ambient and to 
cooling system by combination of heat transfer phenomena: conduction, convection. De 
facto it is a three-dimensional heat distribution task which is too complicated for analyt-
ic solution. Tendency is to simplify this task to one-dimensional solution including 
these thermal phenomena effect. This can be used for simpler technical objects. Practic-
al experience is needed to make mathematics model and to correct results evaluation. 
This approach is necessary for understanding thermal analysis and first estimation of 
thermal conditions. 
 
4.1 Thermal resistance 
 The thermal resistance helps us to understand relation between heat flow and 
temperature difference. 
 
Heat flow is represents by thermal resistance and temperature difference  
 
𝑞 =
∆𝜗
𝑅
=
1
𝑅
∙  𝜗1 − 𝜗2  (4.1)  
where: 
  𝑞 heat flow 
 ∆𝜗 temperature difference 
 𝜗1  temperature 1 
  𝜗2 temperature 2 
 𝑅 thermal resistance 
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Thermal resistance is defined for each heat transfer phenomena by equation 
based on physical theory or by measurement of the specific technical object.  
 
 thermal resistance of heat conduction 
 
𝑅𝐶 =
𝛿
𝜆 ∙ 𝑆
 (4.2)  
where: 
 𝑅𝐶  thermal resistance of heat conduction 
 𝜆 specific thermal conductivity 
 𝛿 thickness 
 𝑆 cross section 
 
 thermal resistance of heat radiation and convection 
 
𝑅𝑅 =
1
𝛼 ∙ 𝐴
 (4.3)  
where: 
 𝑅𝑅 thermal resistance of heat radiation and convection 
 𝛼 transfer heat coefficient  
 𝐴 surface 
 
 thermal resistance of flow of cooling liquid  
 
𝑅𝑄 =
1
𝜌 ∙ 𝐶 ∙ 𝑄
 (4.4)  
where: 
 𝑅𝑄  thermal resistance of flow of cooling liquid 
 𝜌 liquid density 
 𝐶 specific thermal capacity of cooling liquid 
 𝑄 volumetric flow of cooling liquid 
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The problem defined in chapter 3 was simplified and described by eight thermal 
resistances.  
 
 
Figure 2. The schema of simplified model. 
 
The physical and experimental characteristics of thermal resistances: 
 thermal resistances of transistor are defined by data sheets 
 
𝑅𝑇𝐼𝑁 = 50 𝑘/𝑊  - internal resistance of transistor 
𝑅𝑇𝐸𝑋 = 0.5 𝑘/𝑊 - external resistance of transistor 
𝑅𝑇𝐷 = 1.5 𝑘/𝑊 - resistance of transistor and duralumin connection 
 
 thermal resistance of duralumin case 
 
𝑅𝐷 =
1
𝛼𝐷 ∙ 𝑆𝐷
+
𝑧
𝜆𝐷 ∙ 𝑆𝐷
 (4.5)  
where: 
 𝑅𝐷  thermal resistance of duralumin case  
 𝛼𝐷  transfer heat coefficient of duralumin 
 𝑆𝐷  surface of duralumin case 
 𝜆𝐷  specific thermal conductivity of duralumin 
 𝑧         thickness of duralumin case 
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The thermal resistance of duralumin case consists of two thermal resistance phe-
nomena. The first term in equation (4.5) describes thermal resistance of heat radiation 
(surface) and second one describes heat conduction. 
 
 
Figure 3. The thermal resistance phenomena of duralumin case 
 
 thermal resistance of duralumin case above cooling canal 
 
𝑅𝐷𝐴 =
𝑘
𝜆𝐷 ∙ 𝑑 ∙ 𝐿
 (4.6)  
where: 
 𝑅𝐷𝐴  thermal resistance of duralumin case above cooling canal 
 𝜆𝐷  specific thermal conductivity of duralumin 
 𝑑 diameter of cooling canal  
 𝐿 length of cooling canal 
 𝑘         thickness of duralumin case above and under cooling canal 
 
 thermal resistance of duralumin case under cooling canal 
 
𝑅𝐷𝑈 =
1
𝛼𝐷 ∙ 𝑑 ∙ 𝐿
+
𝑘
𝜆𝐷 ∙ 𝑑 ∙ 𝐿
 (4.7)  
where: 
 𝑅𝐷𝑈  thermal resistance of duralumin case under cooling canal 
 𝜆𝐷  specific thermal conductivity of duralumin 
 𝛼𝐷  transfer heat coefficient of duralumin 
 𝑑 diameter of cooling canal  
 𝐿 length of cooling canal 
 𝑘         thickness of duralumin case above and under cooling canal 
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 thermal resistance of cooling liquid 
 
𝑅𝐶
𝑄
=
1
𝜌 ∙ 𝐶 ∙ 𝑄
 (4.8)  
where: 
 𝑅𝐶
𝑄
 resistance of liquid flow 
 𝜌 density 
 𝐶 specific heat capacity 
 𝑄 volumetric flow 
 
 thermal resistance of cooling canal 
 
𝑅𝐶
𝛼 =
1
𝛼𝐾 ∙ 𝑆𝑐
 (4.9)  
where: 
 𝑅𝐶
𝛼  resistance of passage to cooling canal 
 𝛼𝐾  transfer heat coefficient of cooling liquid 
 𝑆𝑐  surface of canal 
 
4.2 Computation of transfer heat coefficient of cooling liquid 𝜶𝑲 
The value of transfer heat coefficient 𝛼𝐾  depends on flow phenomena. There are 
three flow phenomena: laminar, turbulent and varied, which are described by non-
dimensional quantities called Reynolds, Nusselt and Prandtl number. 
 
 float rate 
 
𝑣 =
𝑄
𝑆
 (4.10)  
where: 
 𝑣 flow rate 
 𝑄 volumetric flow 
 𝑆 cross section of cooling canal 
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 Reynolds number 
 
𝑅𝑒 =
𝑑 ∙ 𝑣
𝜈
 (4.11)  
where: 
 𝑅𝑒 Reynolds number 
 𝑣 flow rate 
 𝑑 diameter of cooling canal 
 𝜈 kinematic viscosity 
 
 Prandtl number 
 
𝑃𝑟 =
𝜌 ∙ 𝐶 ∙ 𝜈
𝜆𝐾
 (4.12)  
where: 
 𝑃𝑟 Prandtl number  
 𝜌 density 
 𝐶 specific heat capacity 
 𝜆𝐾  specific thermal conductivity of kerosine 
 𝜈 kinematic viscosity 
 
 Nusselt number (simplified for this specific case) 
 𝑁𝑢 = 0.026 ∙ 𝑅𝑒0.8  (4.13)  
where: 
 𝑁𝑢 Nusselt number 
 𝑅𝑒 Reynolds number 
 
 transfer heat coefficient of cooling liquid 
 
𝛼𝐾 =
𝑁𝑢 ∙ 𝜆𝐾
𝑑
 (4.14)  
where: 
 𝛼𝐾  transfer heat coefficient of cooling liquid 
 𝑁𝑢 Nusselt number 
 𝑑 diameter of cooling canal 
 𝜆𝐾  specific thermal conductivity of kerosine 
22 
 
4.3 Thermal network 
 The thermal network is based on electro-thermal analogy. Thermal network is 
composed of thermal nodes connected by thermal resistance. The thermal node includes 
average temperature and heat sources. Thermal resistances are connected to serial and 
parallel configuration according to electrical resistors theory. 
 
 
Figure 4. The thermal network. 
 
 There are five thermal nodes represented by red points in the Figure 4 including 
average temperatures 𝜗 and heat source qc: 
 𝜗1 internal temperature of transistor 
 𝜗𝑇𝑅   temperature of transistor 
 𝜗𝐷    temperature of duralumin case 
 𝜗𝐴𝑀𝐵   temperature of ambient 
 𝜗𝐼𝑁  temperature of input of cooling liquid 
 𝜗𝑂𝑈𝑇  temperature of output of cooling liquid   
 𝜗4 temperature of duralumin above cooling canal 
 𝑞𝑐  heat dissipation of transistor 
 The six transistors are represented by six resistances set in parallel configuration. 
Total resistance of them all is calculated by electro-thermal analogy. 
 1
𝑅𝑇𝐶𝐼𝑁
=
1
𝑅𝑇𝐼𝑁
+
1
𝑅𝑇𝐼𝑁
+
1
𝑅𝑇𝐼𝑁
+
1
𝑅𝑇𝐼𝑁
+
1
𝑅𝑇𝐼𝑁
+
1
𝑅𝑇𝐼𝑁
 (4.15)  
 
where: 
 𝑅𝑇𝐶𝐼𝑁  total internal resistance of transistor 
 𝑅𝑇𝐼𝑁  internal resistance of one transistor 
23 
 
 Same theory is applied to calculate total external resistance of transistors. After 
editing we get  
 1
𝑅𝑇𝐶𝐸𝑋
=
6
𝑅𝑇𝐸𝑋 + 𝑅𝑇𝐷
 (4.16)  
where: 
 𝑅𝑇𝐶𝐸𝑋  total external resistance of transistor 
 𝑅𝑇𝐸𝑋  external resistance of transistor 
 𝑅𝑇𝐷  resistance of transistor and duralumin connection 
 
Then the thermal network is simplified to the form when two nodes are con-
nected by just one value of thermal resistance. 
 
 
Figure 5. The simplified thermal network. 
 The thermal equations for each node are set according to energy conservation 
law. The values of temperatures are solved in steady state. 
 energy conservation law 
 𝑞𝐼𝑁 + 𝑞𝑔 − 𝑞𝑂𝑈𝑇 = 0 (4.17)  
where: 
 𝑞𝐼𝑁  initial heat 
 𝑞𝑔  generated heat 
 𝑞𝑂𝑈𝑇  outlet heat 
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 node 1 
 
−
1
𝑅𝑇𝐶𝐼𝑁
∙  𝜗1 − 𝜗𝑇𝑅 = 0 (4.18)  
 
 node 2 
 
𝑞𝐶 +
1
𝑅𝑇𝐶𝐼𝑁
∙  𝜗1 − 𝜗𝑇𝑅 −
1
𝑅𝑇𝐶𝐸𝑋
∙  𝜗𝑇𝑅 − 𝜗𝐷 = 0 (4.19)  
 
 node 3 
1
𝑅𝑇𝐶𝐸𝑋
∙  𝜗𝑇𝑅 − 𝜗𝐷 −
1
𝑅𝐷
∙  𝜗𝐷 − 𝜗𝐴𝑀𝐵  −
1
𝑅𝐷𝐴
∙  𝜗𝐷 − 𝜗4 = 0 (4.20)  
 
 node 4 
1
𝑅𝐷𝐴
∙  𝜗𝐷 − 𝜗4 −
1
𝑅𝐶
𝛼 ∙  𝜗4 − 𝜗𝑂𝑈𝑇  −
1
𝑅𝐷𝑈
∙  𝜗4 − 𝜗𝐴𝑀𝐵  = 0 (4.21)  
 
 node 5 
 1
𝑅𝐶
𝛼 ∙  𝜗4 − 𝜗𝑂𝑈𝑇  +
1
𝑅𝐶
𝑄 ∙  𝜗𝐼𝑁 − 𝜗𝑂𝑈𝑇  = 0 (4.22)  
 
The five equations were set for five unknown variables (temperatures). We re-
write these equations into matrix form 
 𝑨 ∙ 𝒙 = 𝒃 (4.23)  
where: 
 𝑨 matrix of thermal resistances 
 𝒙 matrix of temperatures 
 𝒃 matrix of known values (initial conditions) 
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 matrix A 
𝑨 =
Q
CCC
CCDUDADA
DADADTCINTCIN
TCINTCEXTCINTCIN
TCINTCIN
R
1
R
1
R
1
000
R
1
R
1
R
1
R
1
R
1
00
0
R
1
R
1
R
1
R
1
R
1
0
00
R
1
R
1
R
1
R
1
000
R
1
R
1







 
(4.24)  
 
 matrix b 
 
𝒃 =
INQ
C
AMB
DU
AMB
D
C
R
R
R
q







1
1
1
0
 (4.25)  
 
 matrix x 
 
𝒙 =
OUT
D
TR





4
1
 (4.26)  
 
The matrix equation can be easily solved by the inverse of matrix A  
 𝒙 = 𝑨−𝟏 ∙ 𝒃 (4.27)  
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4.4 Results 
The calculations are made in Matlab software, which is suitable for matrix ma-
thematical operations. All calculations are written and commented in file [14], which is 
part of attachment. 
 initial conditions  
 𝜗𝐴𝑀𝐵 = 85 °𝐶  temperature of ambient 
 𝜗𝐼𝑁 = 65 °𝐶   temperature of input of cooling liquid 
 𝑞 = 2 𝑊  heat dissipation of transistor 
 
The solution represents value of temperatures. 
PARAMETER VALUE 
temperature of transistor 73.8°C 
temperature of duralumin case 69.8°C 
temperature of cooling liquid output 65.3°C 
heat supplied to the system 13.3W 
heat dissipated from the system 13.3W 
Table 2. The results of analytic analysis of pump control unit FPC 
There are three significant temperatures in thermal steady state: temperature of 
transistor, temperature of duralumin and temperature of output of cooling liquid. The 
range of temperatures is accorded to operating conditions of electrical devices. These 
temperatures are used for backward calculation of heat flows.  
 
 heat flows 
 internal    𝑞12 = 0 𝑊 
 external   𝑞23 = 12 𝑊 
 duralumin – ambient  𝑞3𝐴𝑚𝑏 = −1 𝑊 
 duralumin – cooling system 𝑞34 = 13 𝑊 
 cooling system – ambient 𝑞4𝐴𝑚𝑏 = −0.3 𝑊 
 duralumin – canal  𝑞45 = 13.3 𝑊 
 canal – cooling liquid 𝑞5𝑂𝑈𝑇 = −13.3 𝑊 
According to energy conservation law the sum of heat flows in each node is 
equal zero. This is easy calculated and used for results verification. 
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 The ambient temperature is relatively high: 𝜗𝐴𝑀𝐵 = 85 °𝐶. Heat flows 𝑞3 and 𝑞5 
are negative, because heat is dissipated from ambient to the duralumin case. The heat 
flow of cooling liquid 𝑞7 is negative, because the heat is dissipated from the duralumin 
case to the cooling system.  
The heat flow evaluation: 
 heat supplied to the system 
 𝑞𝑐+𝑞3+𝑞5+ =  12 + 1 + 0.3 = 13.3 (4.28)  
 
 heat dissipated from the system (supplied to the cooling liquid) 
 𝑞7 = 13.3 (4.29)  
  
 The values of supplied and dissipated heat are equal according to thermal analy-
sis theory and it is also confirmation of results.    
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5. Numeric thermal analysis method  
 
Three-dimensional model is solved by finite element method theory (FEM). Soft-
ware ANSYS 12.0 release is used for thermal finite element method analysis. This 
thermal analysis is based on theory described in following chapters.  
5.1 Heat flow fundamentals 
5.1.1 Convection and conduction 
Thermal energy is conserved according to the first law of thermodynamic. Mod-
ified this to a differential control volume the following equation is defined. 
 
𝜌 ∙ 𝑐  
𝑑𝑇
𝑑𝑡
+  𝑉 𝑇 ∙  𝐿 ∙ 𝑇 +  𝐿 𝑇 ∙  𝑞 = 𝑞𝐺  (4.30)  
where: 
 𝜌 density 
 𝑐 specific heat 
 𝑇 temperature 
 𝑡 time 
  𝑉  velocity vector for mass transport of heat 
  𝐿  Laplace vector operator 
  𝑞   heat flux vector 
 𝑞𝐺  heat generation rate per unit volume 
 
 𝑉 =  
𝑣𝑥
𝑣𝑦
𝑣𝑧
  (4.31)  
where: 
 𝑣𝑥 ,𝑦 ,𝑧   velocity in Cartesian coordinates 
 
   𝐿 =
 
 
𝑑
𝑑𝑥
𝑑
𝑑𝑦
𝑑
𝑑𝑧
 
 
 (4.32)  
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Fourier’s law of heat conduction is used to relate the heat flux vector to the 
thermal gradients 
    𝑞 = − 𝐷 ∙  𝐿 ∙ 𝑇 (4.33)  
where: 
  𝑞   heat flux vector 
  𝐿  Laplace vector operator 
 𝑇 temperature 
  𝐷  conductivity matrix 
 
 𝐷 =  
𝐾𝑥𝑥 0 0
0 𝐾𝑦𝑦 0
0 0 𝐾𝑧𝑧
  
 
(4.34)  
where: 
 𝐾𝑥𝑥   heat conductivity in the element x 
 𝐾𝑦𝑦  heat conductivity in the element y 
 𝐾𝑧𝑧  heat conductivity in the element z 
  𝐷  conductivity matrix 
 
Combining of equations (4.30) and (4.33) get 
 
𝜌 ∙ 𝑐  
𝑑𝑇
𝑑𝑡
+  𝑉 𝑇 ∙  𝐿 ∙ 𝑇 =  𝐿 𝑇 ∙   𝐷 ∙  𝐿 ∙ 𝑇 + 𝑞𝐺  (4.35)  
where: 
 𝜌 density 
 𝑐 specific heat 
 𝑇 temperature 
 𝑡 time 
  𝑉  velocity vector for mass transport of heat 
  𝐿  Laplace vector operator 
  𝐷   conductivity matrix 
 𝑞𝐺  heat generation rate per unit volume 
 
By editing (4.35) to more synoptic form we get 
𝜌 ∙ 𝑐  
𝑑𝑇
𝑑𝑡
+ 𝑣𝑥 ∙
𝑑𝑇
𝑑𝑥
+ 𝑣𝑦 ∙
𝑑𝑇
𝑑𝑦
+ 𝑣𝑧 ∙
𝑑𝑇
𝑑𝑧
 =
𝑑
𝑑𝑥
∙  𝐾𝑥
𝑑𝑇
𝑑𝑥
 +
𝑑
𝑑𝑦
∙  𝐾𝑦
𝑑𝑇
𝑑𝑦
 +
𝑑
𝑑𝑧
∙  𝐾𝑧
𝑑𝑇
𝑑𝑧
 + 𝑞𝐺  (4.36)  
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5.1.2 Radiation 
Radiation of surface is base on Stefan-Boltzmann law: “The total energy ra-
diated per unit surface area of a black body in unit time is directly proportional to the 
fourth power of the black body's thermodynamic temperature T.” 
 
A more general case is of a grey body 
 𝑗 = 𝜀 ∙ 𝜍 ∙ 𝑇4  (4.37)  
where: 
 𝑗 radiated energy 
 𝜀 emissivity 
 𝜍 Stefan–Boltzmann constant (constant of proportionality) 
 𝑇 absolute temperature 
Extending the Stefan-Boltzmann law for a system of N enclosures 
 
  
𝛿𝑗𝑖
𝜀𝑖
− 𝐹𝑗𝑖 ∙
1 − 𝜀𝑖
𝜀𝑖
 
𝑁
𝑖=1
∙
1
𝐴𝑖
∙ 𝑄𝑖 =   𝛿𝑗𝑖 − 𝐹𝑗𝑖  ∙ 𝜍 ∙ 𝑇𝑖
4
𝑁
𝑖=1
 (4.38)  
where: 
 𝑁 number of radiating surfaces 
 𝛿𝑗𝑖  Kronecker delta 
 𝜀𝑖  effective emissivity 
 𝐹𝑗𝑖  radiation view factor 
 𝐴𝑖  area of surface 
 𝑄𝑖  energy loss 
 𝑇𝑖  absolute temperature 
 𝜍 Stefan–Boltzmann constant (constant of proportionality) 
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Radiation view factor 
 
𝐹𝑖𝑗 =
1
𝐴𝑖
∙   
 
𝐴𝑖
 
𝑐𝑜𝑠𝜃𝑖 ∙ 𝑐𝑜𝑠𝜃𝑗
𝜋 ∙ 𝑟2
∙ 𝑑(𝐴𝑗 ) ∙ 𝑑(𝐴𝑖)
 
𝐴𝑗
 (4.39)  
where: 
 𝐴𝑖  area of surfaces i 
 𝐴𝑗  area of surfaces j 
 𝑟 distance between differential surface i and j 
 𝜃𝑖  angle between Ni and the radius line to surface d(Ai) 
 𝜃𝑗  angle between Nj and the radius line to surface d(Aj) 
 𝑁𝑖  surface normal of d(Ai) 
 𝑁𝑗  surface normal of d(Aj) 
 
Figure 6. The radiation view factor. 
 
5.2 System of differential equation 
The system of differential equations is composed of (4.36) and (4.38) implicated in 
each node of computational model. The solution of this equation system is based on 
numerical analysis theory. The numerical method is independent mathematical branch 
now.  
The most widely known numerical methods for FEM are: 
 Runge–Kutta methods 
 Euler 
 Rayleigh–Ritz method 
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5.3 Geometry creation 
The real model geometry of T-JET control unit is made in Autodesk Inventor 
software. This geometry needs to be modified suitable for thermal analysis. The reason 
for modification is creation of uniform meshwork. This is important for results conver-
gency and accuracy. All modifications are made in Ansys 12.0 Release Workbench 
platform. 
5.3.1 New project and geometry import 
Run Ansys Workbench, the New Project is opened automatically. There are 
Analysis Systems in left Tool Box menu. Steady – State Thermal (ANSYS) is chosen for 
steady state thermal analysis. This analysis is placed to Project Schematic window by 
right mouse button. 
Left menu (Tool Box): Analysis Systems   Steady – State Thermal (ANSYS)    
There are seven subproject structures: 
 
Figure 7. The Schema of Steady- State Thermal project. 
The real model geometry in Autodesk Inventor format is transformed (save as...) 
to universal format .sat which is compatible with Ansys Workbench DesignModeler. 
Then the geometry can be imported to thermal analysis project by left mouse button 
click to Geometry subproject and choose Import Geometry command in context menu. 
The Workbench DesignModeler is opened by double click to Geometry subproject, the 
process is finished by Generate command in top menu.  
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5.3.2 Body parts selection 
Just the thermal significant bodies and masses need to be considered in thermal 
model. The thermally significant bodies contain internal heat generation e.g. transistors, 
diodes and inductors. The thermal significant masses play important role in thermal 
transfer phenomena e. g. heat pads, cases, and carrying elements. 
The real model geometry consists of 280 bodies including screws, nuts, washers 
and connectors. The geometry for thermal analysis is reduced to 57 bodies. The body 
delete function is used for body deleting. 
 body delete function 
Top menu:  Create   Body operation  
Left menu:  Type  Delete; Bodies    Selection filter: Bodies  Apply 
Note: More bodies are chosen by hold Ctrl key.   
Top menu:  Generate      
Note: The model needs to be generated after all operations. 
5.3.3 Body modification 
The empty holes stay in body mass after any participant bodies are deleted. 
These holes need to be filled and united to body mass. There are two ways how to do it 
in DesignModeler. The first uses Fill tool and Boolean operation. The hole is filled up 
by solid mass created by Fill tool and then united to body mass by Boolean operation. 
The second used the Face Delete operation. 
 remove the holes by Fill tool and Boolean operation 
Top menu:  Tools   Fill 
Left menu:  Faces   Selection filter: Model Faces  Apply 
 Note: The hole is filled and new body Solid 1 is created in body list. 
Top menu:  Create   Boolean 
Left menu:  Operation  Unite  
Tool Bodies  select both (Ctrl key)  Apply  
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 remove the holes by Face Delete operation 
Top menu:  Create   Face Delete 
Left menu:  Faces   Selection filter: Model Faces  Apply 
  Healing Method  Automatic 
Note: Healing method can be chosen in left menu, it helps to delete faces in any 
unordinary cases. 
The Face delete operation is more user friendly, but it doesn’t works in all cases, 
therefore the Fill tool and the Boolean operation method is mentioned.  
The radiuses and insignificant splays need to be simplified as much as possible 
for all bodies. The Face Delete operation (described above) works very well in most 
cases. There are the real and the simplified body in the Figure 8 as an example.  
a) b)  
Figure 8. a) The real geometry of transistor. b) The simplify geometry of 
transistor. 
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5.3.4 Internal volume inside the case 
The internal volume inside the case needs to be created. The inner air is 
represented by this volume. It is important part, which handle heat transfer between 
internal components and case. At the first place the internal volume is created by Fill 
tool, all internal faces of case are selected. The Extend Selection tolls are used to make 
the faces selection easier. 
 faces selection tool 
Top menu:  Extend Selection 
 Then the all internal components are sustracted from this internal volume by 
Boolean Subtract operation.  
 substract body 
Top menu:  Create   Boolean 
Left menu:  Operation  Subtract;  
Target Bodies  select internal volume  Apply 
Tool Bodies  select all internal components  Apply 
  Preserve tool bodies  Yes 
 Note: The Preserved tool body option is set as No initial, then the tool bodies are 
deleted. 
 The Boolean operations deal with volumes. The problem with line connection of 
two bodies was detected. Spherical surface of inductor touches the surface of print cir-
cuit in line connection. These volumes can’t be subtracted, therefore the inductor is 
moved down by Body Operation function. For the body move New Plane need to be 
created first.  
 new plane created with 1mm offset in negative Z axis 
Top menu:  Create   New Plane 
Left menu:  Type  From Plane 
  Base Plane   XY Plane 
  Transform   Offset Z 
  FD1, Value 1   1 mm 
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 move the body 
Top menu:  Create   Body operation  
Left menu:  Type  Move  
Bodies    Selection filter: Bodies  Apply 
  Preserved Bodies?  No 
  Source Plane  XY Plane 
  Destination Plane  New Plane 
  
There are the real and simplify geometry in the Figure 9. 
 
a) real 
 
b) simplify 
Figure 9. The model of geometry. 
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5.4 Thermal model creation 
The Steady – State Thermal window is opened by double click on Model subpro-
ject in the Project Schema menu. The meshwork, thermal load, thermal phenomena and 
solution requirements are set here. 
5.4.1 Meshing 
The finite element mesh is generated for all model components. The shape, size 
and properties of elements can by modified. The automatic mesh generation is offered 
in Ansys Workbench, it helps us to create sufficing meshwork for this task. It is easy to 
modify this mesh later on the basis of obtained results.    
 automatic mesh creation 
Left menu (Outline):  Mesh (right mouse button)   Generate mesh 
 
Figure 10. The meshwork. 
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5.4.2 Thermal load 
The thermal load represents power dissipation in thermal significant compo-
nents. This is set by Internal Heat Generation command. 
 thermal load Internal Heat Generation 
Left menu (Outline):  Steady – State Thermal 
Top menu:  Heat   Internal Heat Generation 
Left menu:  Geometry    Selection filter: Bodies  Apply 
  Magnitude [W/mm
3
] 
5.4.3 Thermal phenomena 
Appropriate heat transfer across the external surface is set by convection and 
radiation phenomena. The heat transfer from case to ambient is created in this manner.   
 convection 
Left menu (Outline):  Steady – State Thermal 
Top menu:  Convection 
Left menu:  Geometry   Selection filter: Model Faces  Apply 
  Film Coefficient [W/mm
2
 °C] 
  Ambient temperature [°C] 
 
Note: The convection can be applied to the body or to the surface. The surface ap-
plication needs to be used for combination of convection and radiation load. 
 radiation 
Left menu (Outline):  Steady – State Thermal 
Top menu:  Radiation 
Left menu:  Geometry   Selection filter: Model Faces  Apply 
  Emissivity [-] 
  Ambient temperature [°C] 
  
39 
 
5.4.4 The solution setting 
The type of solution needs to be set. The temperature distribution is the most 
significant part of thermal analysis. Click to the Solve button in the top menu to run the 
computation.  
 solution setting 
Left menu (Outline):  Steady – State Thermal   Solution 
Top menu:  Thermal   Temperature 
Top menu:  Solve 
 
5.5 Material properties 
The most important and difficult part of thermal analysis is the identification of 
optimal thermal properties of materials and components. The values of these parameters 
are determined by experimental data or physical equations. For common materials as a 
duralumin, air etc. the true values of thermal properties are defined. The components 
composed of many subsections with different materials are much more complicated 
issue. Moreover these parameters are varies with temperature, pressure and other quan-
tity. For steady state analysis only the isotropic behavior is considered. 
The material properties are set in Engineering Data subproject in the Project 
Schematic window.   
 
Project Schematic   Engineering Data 
 
 There is Outline of Schematic table in the middle of Engineering Data window 
where the name of material is set in column A. In the left menu Toolbox click to plus 
icon in the front of Thermal title. The option Isotropic Thermal Conductivity is chosen 
by double click. The value of material conductivity is set in column B (fill in with yel-
low color) in Properties of Outline Raw table on the bottom of the Engineering Data 
window. The unit of conductivity can be changed in column C.    
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Outline of Schematic   Click here to add new material 
Toolbox   Thermal   Isotropic Thermal Conductivity 
Properties of Outline Raw  Value [W/m °C] 
 
Then get back to Project Schematic by click to Return to Project in top menu. 
Top menu:  Return to Project 
 
 The material parameters are set now and need to be assigned to bodies in the 
Model subproject. The body is chosen in the left menu Outline and material is assigned 
in Details of “body name” table below. 
 
Left menu (Outline):  Geometry   Body 
Details of “body name”  Material  Assignment   Material list 
 
5.6 Results 
The input values (material parameters and thermal load) for the computation 
model are summarized in following Table 3. 
BODY MATERIAL 
HEAT CONDUCTIVITY 
[W/m°K] 
THERMAL LOAD 
[W/mm
3
] 
air air 0.0314 - 
case duralumin 165 - 
carrier duralumin 165 - 
thermal isolation 8810 3M 2 - 
pillar plastic 0.5 - 
printed circuit power composite 3 1.88e-4 
printed circuit control composite 3 8.8e-5 
printed circuit small composite 3 6.8e-4 
inductor small composite 250 1.65e-3 
inductor big composite 250 4.27e-4 
transistor FDP right composite 5 3.65e-3 
transistor FDP left composite 5 3.35e-3 
transistor PH composite 5 1.965e-2 
diode composite 5 7.05e-3 
Table 3. Material parameters and thermal load. 
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The results of temperature analysis are corresponding to predictions and seem to 
be correct except temperatures of inductors. The values of inductors temperatures were 
too high, immoderate simplification is the reason. The inductor is consists of many 
components with very different material properties and high shape complexity. There-
fore the special values of convection and radiation are set to inductors surface. The val-
ues were chosen experimentally according to expected results.  
 
a) internal 
 
b) case 
Figure 11. The results of steady-state thermal analysis. 
There are the results of temperature analysis in the Figure 11. The values of 
temperatures are represented by color scheme. The maximum temperature is on induc-
tor, minimum on the case. The range of temperatures is acceptable for electronic devic-
es. 
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6. Experimental measurement 
 
The experimental measurement based on thermography principles is used to 
temperature measuring. Surveyed object is subpart of turbine engine which is not avail-
able for experimental testing, therefore running conditions are simplified. The experi-
mental results are compared to results of simulation. The experiment was run in UNIS, 
a.s. labs.  
 
6.1 Thermography 
6.1.1 Principle of thermography measurement 
The thermography is infrared imagining science engaged in non-contact mea-
surement of temperature of body surface. Radiation in the infrared range of the electro-
magnetic spectrum is detected by thermal imaging camera. The range of infrared spec-
trum is 0.9 – 1.4 m which is invisible for human eye. The image created by thermal 
camera is called thermogram. The thermogram is visual display of the amount of infra-
red energy emitted, transmitted and reflected by an object. It is difficult to get accurate 
temperature of a surveyed object because there are multiple sources of the infrared 
energy.  
 𝐸𝐼 = 𝐸𝐸 + 𝐸𝑇 + 𝐸𝑅 (4.40)  
where: 
 𝐸𝐼 incident energy 
 𝐸𝐸 emitted energy 
 𝐸𝑇 transmitted energy 
 𝐸𝑅 reflected energy 
The incident energy is energy profile viewed through thermal camera. The emit-
ted energy is intended to be measured. The transmitted and reflected energy passes and 
reflects the object from remote thermal source. Mathematical algorithm implemented 
into the thermal camera is capable to interpret this data and created the thermogram. 
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The object is emitted or absorbed radiation according to the Stefan-Boltzmann 
law. This ability is called emissivity and is property of material depends on temperature, 
emission angle and wavelength. The emissivity is non-dimensional quantity whose val-
ues are theoretically in range 0 – 1. Setting of thermal camera with correct emissivity 
values is critical to make accurate temperature measurements. Emissivity can be set 
directly as a value or selected from a list of emissivity values for some common mate-
rials. It has great influence to imaging results. 
The thermography allows to measure long-distance objects, inapproachable sur-
faces and electrical devices running under high voltage. 
 
6.1.2 The sensor  
Thermal camera used in our experiment is based on IR sensor technique. This 
type of sensor is called microbolometer in microchip form. Electrical resistance is 
changed according to amount of absorbing infrared spectrum.   
 
Figure 12. a) insertion of bolometer in to the circuit b) realization of bolo-
meter 
The incident infrared radiation is detected by absorbing layer, which is created 
of gold sheet which absorbs over 95% of this radiation. The heat conductive surface and 
the girder are heated up by this absorbed radiation. There is a linear relation between 
electric resistance of resistance wires and the temperature of girder.    
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Properties of microbolometer: 
 very fast (short time response 1 ms) 
 high sensitivity 
 high spectral sensitivity (1,6 - 5000 µm) 
 high measuring range (over 1500 °C) 
 high image resolution 
 service conditions (-40 – 100°C) 
6.2 Measurement 
6.2.1 Measuring tools  
Used devices: 
 thermal camera FLUKE Ti25 [6]  
 power source  STATRON 60V, 2A 
 start-up device  SIM – T-JET 5R UNIS 
 load device  TRR 0001 – 2005 UNIS 
 measured object T – JET 
 
The T-JET was loaded to maximum operational power for 15 minutes. This time 
is necessary to heat it up. The case of T-JET was close during the heating up process. 
Then the case was opened and images of temperature spectrum were taken immediately. 
The software SmartView 1.9 was used for results evaluation. The thermally significant 
points were detected and marked in figures of results. 
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6.2.2 Results  
 
Figure 13. The temperatures spectrum on case. 
 
Figure 14. The down and the top view. 
 
Figure 15. The combined view. 
 There are the results for experimental measurement of T-JET device in 
the Figure 13 - 15. The range of temperature values correspond to operating conditions 
of electronic devices. The maximum temperature was measured on inductor, which is 
critical part for thermal analysis point of view. 
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6.2.3 Comparison of experimental and computational analysis results 
There are significant temperatures obtained by experimental measurement and 
numerical thermal analysis in Table 4. 
POSITION 
MEASUREMENT  
[°C] 
THERMAL ANALYSIS  
[°C] 
DEVIATION 
[%] 
case bottom 86.6 72.4 -16 
case top 80.0 64.6 -19 
case front 80.3 72.6 -10 
case rear 76.3 71.8 - 6 
inductor 104.2 112.4 8 
maximum (inductor) 108.3 117.2 8 
minimum (case lid) 54.4 64.4 18 
Table 4. The temperatures obtained by measurement and analysis 
The percentage dimension of deviation represents proportional difference of 
temperatures. The acceptable range of deviation for numerical thermal analysis is 20%.       
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7. Conclusion  
 
Thanks to the quick development of computer’s performance and computational 
software the complex thermal analyses can be used in the common engineering work. 
Results of these analyses are necessary for optimal design of electric devices and their 
cooling systems. Especially equipments essential to safe aircraft operation must be sub-
jected to very hard and expensive tests in real operating conditions. A simulation of 
these conditions by analytical methods can lead to saving of money and time during 
development and certification process.  
The two analytic methods of thermal analysis were successfully applied on two 
particular technical objects.  
The thermal network method was used for thermal analysis of fuel pump control 
unit FPC. The temperature of transistors, duralumin case and output cooling liquid were 
established. The values of these temperatures determined by analysis comply with oper-
ating temperature limits of this device. The heat flow supplied to the system and dissi-
pated out of the system is equal. This balance between supplied and dissipated heat 
flows confirm, that equation system is set correctly.  
The numeric thermal analysis method was applied to CPSJ control unit. This me-
thod is based on three-dimensional thermal model solved by finite element method. The 
software ANSYS 12.0 release was used for this analysis. Technique of stead-state ther-
mal analysis was described in chapter 5 of this thesis and can be used as user’s manual 
for further applications. The results of numeric analysis were verified by laboratory 
measurement of the real device. The maximal deviation between analysis and experi-
ment is 19% which is acceptable for numerical thermal analysis. The results are summa-
rized in Table 4. 
 The laboratory experiment of non-contact temperature measurement was made 
in UNIS laboratory. The thermal diagrams of CPSJ control unit were obtained as re-
sults. The principle of non-contact measurement by thermal camera was described in 
chapter 6. 
The BRVE electronic device specified by thesis submission was replaced by 
CPSJ control unit after agreement with the supervisor. The all further aims defined by 
submission were fulfilled.        
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8. Index of symbols a variables 
𝐴 surface [ m
2
 ] 
𝑨 matrix of thermal resistances [ K.W
-1
 ] 
𝐴𝑖  area of surfaces i [ m
2
 ] 
𝐴𝑗  area of surfaces j [ m
2
 ] 
𝒃 matrix of known values (initial conditions) [ W ] 
𝐶 specific thermal capacity of cooling liquid [J.Kg
-1
.K
-1
] 
𝑐 specific heat [ K,°C ] 
 𝐷  conductivity matrix [ W.m
-1
.K
-1
 ] 
𝑑 diameter of cooling canal  [ m ] 
𝐸𝐸 emitted energy [ W ] 
𝐸𝐼 incident energy [ W ] 
𝐸𝑅 reflected energy [ W ] 
𝐸𝑇 transmitted energy [ W ] 
𝐹𝑗𝑖  radiation view factor [ - ] 
𝑗 radiated energy [ W ] 
𝑘 thickness of duralumin case above and under cooling canal [ m ] 
𝐾𝑥𝑥  heat conductivity in the element x [ W.m
-1
.K
-1
 ] 
𝐾𝑦𝑦  heat conductivity in the element y [ W.m
-1
.K
-1
 ] 
𝐾𝑧𝑧  heat conductivity in the element z [ W.m
-1
.K
-1
 ] 
𝐿 length of cooling canal [ m ] 
 𝐿  Laplace vector operator [ - ] 
𝑁 number of radiating surfaces [ - ] 
𝑁𝑖  surface normal of d(Ai) [ m ] 
𝑁𝑗  surface normal of d(Aj) [ m ] 
𝑁𝑢 Nusselt number [ - ] 
𝑃𝑟 Prandtl number  [ - ] 
𝑄 volumetric flow [m
3
.s
-1
] 
𝑄𝑖  energy loss [ W ] 
𝑟 distance between differential surface i and j [ m ] 
𝑅 thermal resistance [ K.W
-1
 ] 
𝑅𝑒 Reynolds number [ - ] 
𝑅𝐶  thermal resistance of heat conduction [ K.W
-1
 ] 
𝑅𝐶
𝑄
 resistance of liquid flow [ K.W
-1
 ] 
𝑅𝐶
𝛼  resistance of passage to cooling canal [ K.W
-1
 ] 
𝑅𝐷  thermal resistance of duralumin case  [ K.W
-1
 ] 
𝑅𝐷𝐴  thermal resistance of duralumin case above cooling canal [ K.W
-1
 ] 
𝑅𝐷𝑈  thermal resistance of duralumin case under cooling canal [ K.W
-1
 ] 
𝑅𝑄  thermal resistance of flow of cooling liquid [ K.W
-1
 ] 
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𝑅𝑅  thermal resistance of heat radiation and convection [ K.W
-1
 ] 
𝑅𝑇𝐶𝐸𝑋  total external resistance of transistor [ K.W
-1
 ] 
𝑅𝑇𝐶𝐼𝑁  total internal resistance of transistor [ K.W
-1
 ] 
𝑅𝑇𝐷  resistance of transistor and duralumin connection [ K.W
-1
 ] 
𝑅𝑇𝐸𝑋  external resistance of transistor [ K.W
-1
 ] 
𝑅𝑇𝐸𝑋  external resistance of transistor [ K.W
-1
 ] 
𝑅𝑇𝐼𝑁  internal resistance of transistor [ K.W
-1
 ] 
𝑆 cross section [ m
2
 ] 
𝑆𝐷  surface of duralumin case [ m
2
 ] 
𝑆𝑐  surface of canal [ m
2
 ] 
𝑡 time [ s ] 
𝑇 temperature [ K,°C ] 
𝑇𝑖  absolute temperature [ K ] 
𝑣 flow rate [ m.s
-1
 ] 
 𝑉  velocity vector for mass transport of heat [ m.s
-1
 ] 
𝑞 heat flow [ W ] 
 𝑞  heat flux vector [ W ] 
𝑞𝐺  heat generation rate per unit volume [ W ] 
𝑞𝐼𝑁  initial heat [ W ] 
𝑞𝑂𝑈𝑇  outlet heat [ W ] 
𝑞𝑐  heat dissipation of transistor [ W ] 
𝑞𝑔  generated heat [ W ] 
𝑣𝑥 ,𝑦 ,𝑧  velocity in Cartesian coordinates [ m.s
-1
 ] 
𝒙 matrix of temperatures [ K,°C ] 
𝑧 thickness of duralumin case [ m ] 
𝛼 transfer heat coefficient  [ W.m
-2
.K
-1
 ] 
𝛼𝐷 transfer heat coefficient of duralumin [ W.m
-2
.K
-1
 ] 
𝛼𝐾 transfer heat coefficient of cooling liquid [ W.m
-2
.K
-1
 ] 
𝛿 thickness [ m ] 
𝛿𝑗𝑖  Kronecker delta [ - ] 
𝜀 emissivity [ - ] 
𝜀𝑖  effective emissivity [ - ] 
𝜃𝑖  angle between Ni and the radius line to surface d(Ai) [ ° ] 
𝜃𝑗  angle between Nj and the radius line to surface d(Aj) [ ° ] 
𝜆 specific thermal conductivity [ W.m-1.K-1 ] 
𝜆𝐷 specific thermal conductivity of duralumin [ W.m
-1
.K
-1
 ] 
𝜆𝐾  specific thermal conductivity of kerosine [ W.m
-1
.K
-1
 ] 
𝜈 kinematic viscosity [ m2.s-1 ] 
𝜗1 temperature 1 [ K, °C ] 
𝜗2 temperature 2 [ K, °C ] 
𝜗4 temperature of duralumin above cooling canal [ K, °C ] 
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𝜗𝐴𝑀𝐵  temperature of ambient [ K, °C ] 
𝜗𝐷  temperature of duralumin case [ K, °C ] 
𝜗𝐼  initial temperature [ K, °C ] 
𝜗𝐼𝑁  temperature of input of cooling liquid [ K, °C ] 
𝜗𝑂𝑈𝑇  temperature of output of cooling liquid   [ K, °C ] 
𝜗𝑇𝑅  temperature of transistor [ K, °C ] 
∆𝜗 temperature difference [ K, °C ] 
𝜌 liquid density [Kg.m
-3
] 
𝜍 Stefan–Boltzmann constant (constant of proportionality) [W.m
-2
.K
-4
] 
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